Abstract. Celastrol is a quinone methide triterpene derived from Tripterygium wilfordii Hook F., a plant used in traditional medicine. In the present study, we reported that celastrol potentiated tumor necrosis factor-α (TNF-α)-induced apoptosis, affected activation of caspase-8, caspase-3 and PARP cleavage, and inhibited the expression of anti-apoptotic proteins such as cellular inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2), cellular FLICE-inhibitory protein (FLIP), and B-cell lymphoma 2 (Bcl-2). In addition, celastrol significantly reduced the invasion of MDA-MB-231 human breast cancer cells after TNF-α stimulation. As matrix metalloproteinase-9 (MMP-9) plays a critical role in tumor metastasis, we analyzed its expression with celastrol treatment. Western blot analysis and real-time PCR showed that celastrol dose-dependently suppressed TNF-α-induced MMP-9 gene expression at both the mRNA and protein levels in MDA-MB-231 cells. Taken together, our findings indicate that celastrol may be a potential candidate for breast cancer chemotherapy.
Introduction
Breast cancer is the predominant type of cancer in industrialized countries and the second leading cause of cancer-related mortality in women (1) . Metastasis, the development of secondary tumors at a distant site, remains the major cause of cancer mortality (2) . Cancer metastasis is a complex process which involves important steps of cell migration and invasion (3) . Therefore, the control of metastasis and invasion represents an important therapeutic target. Molecular mechanisms of cancer cell invasion and metastasis involve a complex series of events. One such early event involves proteolytic degradation of the extracellular matrix (ECM) components, which provides biochemical and mechanical barriers to cell movement in cancer cells (4, 5) . ECM degradation requires extracellular proteinases, of which matrix metalloproteinases (MMPs) play a critical role in breast cancer.
MMPs are a family of zinc-and calcium-dependent endopeptidases, consisting of four subclasses based on substrate including collagenases, gelatinases, stromelysins and membrane-associated MMPs according to substrate specificity and domain homologies (6, 7) . Elevated MMP levels are functionally linked to metastasis in many tumors including breast (2) . Both MMP-2 and MMP-9 are the key enzymes that control the rate of cell invasion and metastasis (8) . Although these two gelatinases (MMP-2 and MMP-9) have similar properties, their gene expression is differentially and specifically regulated by distinct regulatory elements in their promoter regions (7) . MMP-2 is commonly constitutively present in tissues and it is maximally expressed in malignant neoplasms as part of the host response to the presence of neoplastic cells, rather than as part of an initial response to invasion (9) . In contrast, synthesis and secretion of MMP-9 can be stimulated by a variety of growth factors and inflammatory cytokines during pathological processes and by agents such as phorbol 12-myristate 13-acetate (PMA) and tumor necrosis factor-α (TNF-α) (9) (10) (11) . This difference can be explained by the presence of inducible promoter elements, such as the nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) binding sites, which are involved in the regulation of the MMP-9 gene transcription, but not in that of MMP-2 (12,13). Therefore, it has been suggested that the
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CHuNLIu MI regulation of MMP-9 expression is a possible approach for the development of anti-metastatic drugs (14, 15) . Similar to other solid tumors, breast cancer is difficult to treat. Some traditional methods, such as chemotherapy, may cause strong side-effects and drug resistance in patients. Therefore, there is a continuing need to find novel, efficient and less toxic cancer therapeutic molecules. Natural products, such as plant-derived drugs, play an increasingly important role in cancer treatment due to their fewer side-effects and high efficacy. One of these strategies is to determine the ability and mechanism of novel anticancer agents to induce apoptosis in cancer cells. Apoptosis, also known as programmed cell death, is a type of cell death distinct from necrosis that plays an important role in the regulation of various physiological and pathological conditions (16) . Apoptosis induction is regarded as a major therapeutic target for cancer chemotherapy (17) (18) (19) . In mammalian cells, apoptosis is regulated by the activation of two signaling pathways, an extrinsic and an intrinsic one. The extrinsic pathway is regulated by death receptors on the plasma membrane. In this pathway, ligand binding to the receptors induces the activation of the caspase cascade. The intrinsic pathway is regulated by mitochondrial proteins (20) . under most circumstances, activation of either pathway eventually leads to proteolytic cleavage and thus activation of caspases, a family of cysteine proteases that act as common death effector molecules (21) . Accordingly, caspases are responsible for many biochemical and morphological hallmarks of apoptotic cell death by cleaving a range of substrates in the cytoplasm or nucleus (21) . Several intracellular anti-apoptotic molecules, such as members of the anti-apoptotic B-cell lymphoma 2 (Bcl-2) and cellular inhibitor of apoptosis protein (cIAP) families, as well as cellular FLICE-inhibitory protein (FLIP), have been shown to inhibit the apoptotic signaling cascade via inhibition of mitochondrial cytochrome c release, apoptosome formation and recruitment of procaspase-8 to the death receptor domain (22) (23) (24) (25) . Receptor-mediated activation of caspase-8 is followed by activation of caspase-3, which cleaves intracellular substrates leading to cell death (26) . Then, caspase-3 cleaves several target proteins, one of which is DNA repair enzyme, PARP (27) . Deregulation of apoptosis programs can lead to resistance of cancers to current treatment strategies, since the ability to activate cell death programs in cancer cells critically determines the efficacy of current cancer therapies (28) . Furthermore, apoptosis of circulating tumor cells can have an impact on the metastatic process (29, 30) . Targeting the apoptosis pathway in circulating tumor cells may present a means to interfere with metastasis (28) .
Celastrol, also known as tripterine, is one such compound that was originally identified from the traditional Chinese medicine Thunder God Vine or Tripterygium wilfordii Hook F. almost three decades ago and is used for the treatment of cancer and other inflammatory diseases (31) . Celastrol is also known to inhibit the proliferation of a variety of tumor cells, including leukemia, glioma, prostate and breast cancer cells. The ability of celastrol to modulate the expression of proinflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-8 and TNF-α, to inhibit NF-κB signaling, and to induce heat shock response and proteasome activity has been reported (13, 32, 33) . Despite the diverse studies on the biological activities of celastrol, the potential of celastrol against breast cancer proliferation and invasion is poorly defined. In the present study, we investigated the underlying pathways involved in inhibiting TNF-α-induced anti-apoptotic gene expression and invasion in the human breast cancer line MDA-MB-231 cells by celastrol. The results showed that celastrol induced the apoptosis of breast cancer cells and inhibited their invasion by downregulating MMP-9 expression.
Materials and methods
Cell culture and reagents. Two human breast cancer cell lines, MCF-7 and MDA-MB-231, were grown in RPMI-1640 supplemented with penicillin (100 u/ml)-streptomycin (100 u/ml) (Invitrogen, Carlsbad, CA, uSA) and 10% heat-inactivated fetal bovine serum (FBS; HyClone, Logan, uT, uSA). Cell cultures were grown to confluence and maintained in a humidified atmosphere at 37˚C and 5% CO 2 . All cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, uSA). TNF-α was obtained from R&D Systems (Minneapolis, MN, uSA). Celastrol was isolated from Tripterygium wilfordii and its structure is shown in Fig. 1A . The purity of celastrol was >98% in HPLC analysis.
Measurement of cell viability by MTT assay. MCF-7 and MDA-MB-231 cells were seeded at 1x10
5 cells/ml in 96-well plates containing 100 µl of RPMI-1640 with 10% FBS and incubated overnight. Celastrol was dissolved in DMSO and DMSO was added to all plates to compensate the same volume of DMSO. After 24 h, the cells were pretreated with different concentrations of celastrol for 1 h, followed by stimulation with or without TNF-α for 24 h. Subsequently, cells were cultured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/ml) (Sigma-Aldrich, St. Louis, MO, uSA) for 3 h. The viable cells converted MTT to formazan, which generated a blue-purple color after dissolving in 150 µl of DMSO. The absorbance at 570 nm was measured by an ELISA plate reader.
Apoptosis assays. Annexin V-staining was performed using Annexin V-FITC apoptosis detection kit (BD Biosciences, San Diego, CA, uSA) following the manufacturer's instructions. Briefly, after incubation, cells were harvested, washed with phosphate-buffered saline (pH 7.4), centrifuged, and stained with Annexin V-FITC and 2 mg/ml propidium iodide in binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) for 15 min at 37˚C in the dark. The samples were analyzed by flow cytometry using a FACScan flow cytometer. The CellQuest software was used to analyze the data (Becton-Dickinson).
Western blotting. Cell lysates and conditioned media were separated by SDS-polyacrylamide gels and then transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, uSA). The membrane was blocked with 5% skim milk and then incubated with the corresponding antibody. Antibodies for cleaved PARP, cleaved caspase-3, cleaved caspase-8, cIAP1 and cIAP2 were purchased from Cell Signaling Technology (Beverly, MA, uSA). Antibodies for MMP-1, MMP-2, MMP-9, Bcl-2 and FLIP were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, uSA). Antibody for α-tubulin was from Sigma-Aldrich. After binding an appropriate secondary antibody coupled to horseradish peroxidase, proteins were visualized by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Pharmacia Biotech, Buckinghamshire, uK).
In vitro invasion assays. The ability of cells to invade through Matrigel-coated filters (invasion) was determined using a modified 24-well Boyden chamber (Corning Costar, Cambridge, MA, uSA; 8 µm pore size) as was previously described (34) . MDA-MB-231 cells were seeded at a density of 5x10 4 cells in 100 µl RPMI-1640 containing 10% FBS in the upper compartment of Transwell. To determine the effect of celastrol, various concentrations of celastrol and TNF-α (20 ng/ml) were added to the lower or upper compartment of Transwell. After incubation for 24 h at 37˚C in 5% CO 2 , the cells that did not penetrate the filter were completely wiped out with a cotton swab, and the cells that had migrated to the lower surface of the filter were fixed, stained, and counted in 5 randomly selected microscopic fields (x100) per filter. 
Statistical analysis. All values are expressed as mean ± SD.
A comparison of the results was performed with one-way ANOVA and Tukey's multiple comparison tests (Graphpad Software, Inc., San Diego, CA, USA). Statistically significant differences between groups were defined as P-values <0.01.
Results

Celastrol is cytotoxic to breast cancer cells.
To evaluate the effect of celastrol on the viability of breast cancer cells, MCF-7 and MDA-MB-231 cells were exposed to increasing concentrations of celastrol (from 1 to 10 µM) in the presence or absence of TNF-α (20 ng/ml) for 24 h, and the percentage of viable cells was determined using the MTT assay. Celastrol decreased cell viability in a dose-dependent manner in MCF-7 and MDA-MB-231 breast cancer cells (Fig. 1B and C) .
Celastrol potentiates TNF-α-induced apoptosis. Next, we examined whether celastrol enhances apoptosis by TNF-α. Celastrol potentiated TNF-α-induced apoptosis, as assessed by Annexin V/PI double staining. As shown in Fig. 2A , combined treatment resulted in a significant increase in the Annexin V-positive cell population (45.35%), whereas no treatment (5.12%), treatment with TNF-α alone (25.70%) or celastrol alone (15.23%) had only slight influence on cell apoptosis. Since caspases are a group of cysteine proteases critical for apoptosis of eukaryotic cells (35), we investigated whether celastrol affects TNF-α-induced activation of caspase-8 and caspase-3. TNF-α alone and celastrol alone did not affect the activation of caspase-8 or caspase-3, whereas cotreatment with TNF-α and celastrol potentiated their activation, as indicated by the presence of cleaved caspases, and this activation was observed at a concentration even as low as 3 µM (Fig. 2B , top two panels). We also used the PARP cleavage assay to detect TNF-α-induced apoptosis. Similarly, celastrol dosedependently potentiated the effect of TNF-α-induced PARP cleavage; however, TNF-α alone and celastrol alone did not induce PARP cleavage (Fig. 2B, bottom second panel) . These results showed that celastrol enhances the apoptotic effects of TNF-α.
Celastrol inhibits TNF-α-induced anti-apoptotic gene expression.
Since TNF-α-induced apoptosis was potentiated by celastrol, we investigated the effect of celastrol on TNF-α-induced anti-apoptotic gene expression of cIAP1, cIAP2, FLIP, and Bcl-2. MDA-MB-231 cells were preincubated with celastrol for 12 h and subsequently stimulated with TNF-α for 12 h, and then the cIAP1, cIAP2, FLIP and Bcl-2 expression levels were analyzed by western blot analysis. TNF-α significantly induced the expression of anti-apoptotic proteins, whereas celastrol markedly suppressed TNF-α-induced expression of all the proteins in a dose-dependent manner (Fig. 3) .
Celastrol inhibits TNF-α-induced invasion of MDA-MB-231 cells.
Cancer cell invasion is a critical step of tumor metastasis (36) . Whether celastrol modulates invasion activity was examined in vitro with a Matrigel invasion assay. MDA-MB-231 cells were seeded in the top chamber of a Matrigel invasion chamber and incubated with various concentrations of celastrol for 12 h and subsequently with TNF-α (20 ng/ml) for 12 h. The cells that migrated to the lower chamber were significantly decreased by celastrol in a dose-dependent manner. This result could account for the anti-invasive activity of celastrol (Fig. 4) .
Celastrol inhibits MMP-9 gene expression. In cancer cell metastasis, the degradation of ECM is essential and is associated with the overexpression of proteolytic enzymes including . MMP (MMP-1, MMP-2, and MMP-9) activation has been found in the metastasis of breast carcinoma cells. Therefore, the effects of celastrol on TNF-α-induced MMP-1, MMP-2 and MMP-9 gene expression were examined. Western blot analysis was performed to investigate whether celastrol had inhibitory effects on TNF-α-induced expression of MMPs. Although MMP-1 and MMP-2 protein expression levels remained unaffected, TNF-α-induced expression of MMP-9 was prevented by celastrol in a dose-dependent manner (Fig. 5A) . To determine whether the inhibition of MMP-9 gene expression by celastrol was due to a decreased level of transcription, we performed RT-PCR analysis and observed mRNA expression of MMP-9. In agreement with the above findings, celastrol treatment of the cells was found to decrease TNF-α-induced MMP-9 mRNA expression in MDA-MB-231 cells in a dose-dependent manner, but it did not decrease MMP-1 and MMP-2 mRNA expression (Fig. 5B) .
Discussion
Celastrol is a remedial ingredient in the root extracts of Thunder God Vine. Several screening studies on the molecular libraries of Chinese herbs have identified celastrol as a potent candidate with medicinal prospects for treating inflammatory diseases and cancer (37) . Although several studies reported the possible involvement of celastrol in tumor metastasis, no study has reported the effect on TNF-α-induced metastasis by celastrol in human breast cancer cells. The aim of the present study was to investigate the effect of celastrol on the TNF-α signaling pathway that mediates apoptosis and metastasis in human breast cancer cells.
The ability of anticancer drugs to induce the cellular apoptosis of cancer cells is an important function of cancer treatment (38, 39) . Our results showed that celastrol inhibited the TNF-α-induced expression of anti-apoptotic proteins such as cIAP1, cIAP2, FLIP and Bcl-2. Annexin V staining also showed that TNF-α-induced apoptosis was enhanced by celastrol. In addition, celastrol affected TNF-α-induced activation of caspase-8, caspase-3 and PARP cleavage. In particular, celastrol had a considerable effect on TNF-α-induced poly(ADP-ribose) polymerase cleavage, indicating that the apoptotic effects of TNF-α are enhanced by celastrol.
New anticancer agents have also been reported to control various other processes involved in the malignant transformation of cells, such as invasion and metastasis (40) . Tumor metastasis is a multi-step and complex process that includes cell division and proliferation, proteolytic digestion of the ECM, cell migration through the basement membranes to reach the circulation system, and the remigration and growth of tumors at metastatic sites (11) . MMPs play a key role in promoting tumor metastasis and overexpression of MMP-9 has been shown to be associated with the progression and invasion of tumors including mammary tumors (11, 41) . Consequently, inhibiting MMP-9 expression may be critical in treating malignant tumors, including breast carcinoma.
We observed an inhibitory effect of celastrol on TNF-α-induced invasion in MDA-MB-231 breast cancer cells. Accumulating evidence suggests that MMP-9 expression is strongly implicated in breast cancer invasion. Effective anticancer agents involved in anti-invasion have demonstrated the ability to downregulate MMP-9 expression (42). Our data revealed that celastrol inhibits TNF-α-induced MMP-9 expression at both the mRNA and protein levels, but it does not influence MMP-1 and MMP-2 expression levels in MDA-MB-231 breast cancer cells. Notably, in our study, the inhibition of TNF-α-induced invasion of MDA-MB-231 cells may correlate with that of the TNF-α-induced MMP-9 expression. These results suggest that the anti-invasion effect of celastrol may be associated with the inhibition of MMP-9 expression.
In conclusion, the present study demonstrated that the natural compound celastrol exhibits effective antitumor properties. The observed antitumor activity inhibits the proliferation of cancer cells and induces apoptosis. In addition, our study provides evidence that celastrol can inhibit the invasion of breast cancer cells through the downregulation of MMP-9 expression. As tumor metastasis is often associated with poor prognosis and high mortality among breast cancer patients, there is a growing need to discover and develop new therapeutic strategies that target early tumor invasiveness or metastasis. In this regard, celastrol is a promising agent against breast cancer invasion and metastasis. 
